The Vertical Motion Simulator at NASA Ames Research Center utilizes custom nonhydrostatic hydraulic actuators to drive its roll, pitch, yaw and longitudinal axis. These actuators have operated flawlessly with one exception; they exhibit a phenomenon that is detrimental to the motion fidelity called "Turnaround Bump" (TAB). TAB occurs in all hydraulic actuators with seals at the onset of motion (extending or retracting) when the friction on the seals changes from the higher static (no motion) to the lower dynamic (motion) friction. The sudden change in the friction force causes an acceleration spike that can be felt by the pilot thus giving a false motion cue. In order to reduce TAB without going to costly hydrostatic actuators, a cost effective mechanism was designed that constantly rotates the piston rod end of the actuator so that the piston rod never stops moving relative to the seals even when the actuator stops moving in the linear direction. 
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I. Introduction
he Vertical Motion Simulator (VMS) at NASA Ames Research Center has been in operation since the mid 1970's. The VMS is a one-of-a-kind simulation research and development facility. It offers unparalleled capabilities for conducting experiments involving some of the most challenging aerospace disciplines. The VMS, shown in Fig. 1 , is a very large, six-degrees-of-freedom electro-mechanical/electro-hydraulic servo system. It is located in and partially supported by a specially constructed 73-foot-wide by 36-foot-deep by 120-foot-high tower, whose entire interior volume is available for the operation of the motion system. The motion platform consists of a 40-foot long beam, which can travel up to ±30 feet vertically. On top of the beam is the lateral carriage that traverses the 40-foot length of the beam. Then, on top of the carriage is a longitudinal carriage and gimbal system that can simultaneously provide ±4 feet longitudinal, ±18 degrees pitch, ±18 degrees roll, and ±24 degrees yaw (see Fig. 1 ).
In addition to its size, another unique feature of this facility is that it can simulate the physical cueing environment of a large range of vehicles. Five cabs representing the cockpits of a variety of vehicles -each with its own instruments, controls, visual display and audio cueing systems -can be placed on the motion cueing system of the VMS 1 (see Fig. 2 ). The roll, pitch, yaw and longitudinal axes rely on custom hydraulic actuators to drive their motion. These axes exhibit a phenomenon known as "Turnaround Bump". "Turnaround Bump" occurs when the hydraulic actuator comes to a stop and then tries to move again. As the axis travels through zero velocity a disturbance force is introduced in the opposite direction of the hydraulic actuator motion. The disturbance force is caused by friction, also known as "stiction", in both the actuator's hydraulic seals and axis bearings.
When the force caused by the differential pressure in the actuator becomes less than the force due to kinetic friction minus the inertial force due to the simulator cab, the actuator stops. The minimum differential pressure required to keep the actuator moving is expressed in Eq. (1), using the yaw axis of the VMS as an example (See Fig.  3 and 4).
In order for the actuator to start moving again the force caused by the differential pressure in the actuator must be greater than the static friction in the actuator and bearings as expressed in Eq. (2): The differential pressure to start the actuator moving must also be greater than the minimum required pressure to keep the actuator moving. The difference between the differential pressure to start the actuator moving and the minimum pressure to keep the actuator moving is what causes the "Turnaround Bump". This pressure spike can be expressed by subtracting Eq. (2) from Eq. (1) with 0 and =0 α ω = :
Which can be simplified to:
The pressure spike expressed in Eq. (4) is the minimum pressure spike that would occur due to the seals regardless of the control system driving the hydraulic actuator. The VMS yaw axis control system drives the position, so when the control system commands a new position from a stop the pressure must build up to P START as described in Eq. (2) . As the pressure builds up the control system is also building up error so when the hydraulic actuator does break loose from the "stiction" the control system will cause the differential pressure to overshoot and cause a greater pressure spike.
The minimum pressure spike that can be expected from a position driven controls system is expressed by Eq. (4), but depending on the control system, this pressure can be much higher. An example of the performance of a position driven hydraulic actuator can be seen in Fig. 5 .
II. Design Solution
In order to reduce the "Turnaround Bump" in the yaw axis of the VMS, a mechanism was designed to eliminate the static friction in the yaw hydraulic actuator. The Turnaround Bump Reduction Mechanism (TABRM) constantly rotates the piston rod end of the yaw hydraulic actuator so that the piston rod end of the actuator is always moving relative to the housing, because of this, the seals inside the actuator never transition from kinetic to static friction (see Fig. 6 and 7) . A similar mechanism has been designed and patented 2 though the TABRM was developed independently. The TABRM has a 24V DC motor that rotates the rod end at approximately 10 rpm. The motor turns a shaft that rotates a gear train (1:1 gear ratio) located in the gear housing that in turn rotates the rod end that is screwed into the piston rod of the yaw actuator. A clutch is inserted in the TABRM to insure that the motor cannot be overloaded (see Fig. 8 ).
With the TABRM installed, the pressure required to start the hydraulic actuator can be expressed by Eq. (5), which replaces the coefficient of static friction from the seals with the coefficient of kinetic friction from Eq. (1). 1 1 ( )/ / w h e n 0 a n d 0
The pressure spike with the TABRM installed can be expressed by Eq. (6), which replaces the coefficient of static friction from the seals with the coefficient of kinetic friction from Eq. (4).
Eq. (8) shows that with the TABRM installed there should be no additional pressure spike due to the sudden change in friction from static to kinetic on the seals. The yaw axis position driven control system on the VMS will still have a pressure spike because P START >0 due to the kinetic friction on the seals and the rolling friction of the yaw bearing.
III. TABRM Testing
Sine sweeps were performed on the yaw axis of the VMS ranging from .125 Hz to .500 Hz while the commanded position, position feedback, velocity, acceleration, and the differential pressure were recorded with and without the TABRM installed. The friction in the yaw bearing was determined by using a load cell to measure the amount of force required to move the yaw axis with the yaw actuator disengaged. 
IV. TABRM Testing Results
Subtracting the friction force in the yaw bearing (see Table 2 ) from the force required to move the yaw axis from a stop gives the static friction force in the hydraulic actuator (see Table 3 ). The TABRM reduced the static friction in the hydraulic actuator by 47.2% when retracting and 51.7% when extending (see Table 3 ). The overall static friction in the yaw axis was reduced by 42.3% when retracting and 45.8% when extending (see Table 1 ).
The TABRM was most effective when used during maneuvers that slowly approach and depart zero velocity, such as a low frequency sine wave. When comparing the performance of the yaw axis with the existing system (see Fig. 9 ) against the performance with the TABRM engaged (see Fig. 10 ), there are obvious differences. With the TABRM engaged and the hydraulic actuator oscillating at .125 Hz, the acceleration spike is reduced as much as 36.6% and the peak differential pressure is reduced by as much as 19% as compared to the existing system. Also, with the TABRM engaged, the amount of time the hydraulic actuator is stuck at zero velocity is reduced by approximately 50% (see Fig. 11 ).
Direction of Motion
The TABRM is less effective during more aggressive maneuvers such as higher frequency sine waves. Comparing the performance of the yaw axis with the existing system (see Fig. 12 ) to that with the TABRM engaged (see Fig. 13 ), the differences are less obvious. With the TABRM engaged and the hydraulic actuator oscillating at .50 Hz, the highest acceleration spike is only reduced by 9.3%, and the highest differential pressure spike is only reduced by 4.3% as compared to the existing system.
The TABRM becomes less of a factor when the differential pressure in the actuator is greater than the differential pressure required to overcome the static friction at zero velocity. The differential pressure at zero velocity when the yaw axis is oscillating at .125 Hz (see Fig. 10 ) is much lower than the differential pressure when the yaw axis is oscillating at .50 Hz (see Fig. 13 ) because the higher differential pressure is needed to slow the yaw axis down from the more aggressive maneuver. When the differential pressure is greater than the pressure required to overcome the static friction, the hydraulic actuator will start to move almost instantaneously, rather than pausing slightly at zero velocity, as seen in Fig. 11 . 
V. Future Turnaround Bump Reduction Efforts
The TABRM greatly reduces the static friction but does not affect the kinetic friction. The yaw actuator on the VMS is mounted horizontally and the center of gravity (CG) is located between the two mounting points. The weight of the hydraulic actuator causes a high normal force on the seals due to the racking between the piston rod end and the housing (see Fig. 14) .
Adding an external moment at the pivot point can reduce the kinetic friction (see Fig. 15 ). The optimum normal force on the seals is when the external moment eliminates the racking between the piston rod end and the actuator housing. Ideally, the moment would change such that the actuator housing is always fixed with reference to the piston rod end.
In application it is difficult to apply a moment that exactly counters the change in the location of the piston rod end with respect to the housing. Currently, a spring-loaded mechanism is being tested on the VMS that is experimentally adjusted to best approximate the required moment to obtain the lowest starting pressure.
VI. Conclusion
Turnaround bump cannot be avoided with a hydraulic actuator that has seals. Turnaround bump is not just a phenomenon of the VMS but is prevalent in many applications that use hydraulic actuators such as hexapod motion systems and robotic applications. There will always be friction from the seals, so there will always be a disturbance force introduced into the control system when the hydraulic actuator tries to move from a stop. There are two ways to try and reduce the turnaround bump; one is to reduce the friction in the system, and the second is to change the control system.
The control system has a large affect on the turnaround bump. Typically, the better response a control system has the worse it handles disturbances. There is a balance that must be met between response and disturbance rejection when tuning the control system. If the control system is tuned to reduce the turnaround bump then the response will be more sluggish. If the system is tuned for maximum performance then the effect of the turnaround bump will be more prominent.
Regardless of the control system, every effort should be made to reduce the friction from the seals so that the control system can be as responsive as possible. The TABRM does not eliminate the turnaround bump but reduces it enough such that it is unnoticeable by the pilot.
